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ABSTRACT 
The use of a d d i t i v e s  t o  provide  s u r f a c e  recombina t ion  c e n t e r s  on 
the rma l  c o n t r o l  c o a t i n g s ,  and thus  t o  s t o p  o p t i c a l  deg rada t ion ,  has  been 
e x p l o r e d .  Various chemica l  s u r f a c e  a d d i t i v e s  have been examined t o  test 
t h e i r  e l e c t r o n  and h o l e  c a p t u r e  e f f i c i e n c y .  Out of  t h e  g roup  examined, 
i r o n  w a s  s e l e c t e d  as t h e  most promising.  P r e l i m i n a r y  t e s t s  of ZnO wi th  
t h i s  a d d i t i v e  i n d i c a t e d  no d e t e c t a b l e  damage when t h e  ZnO was exposed t o  
u l t r a v i o l e t  r a d i a t i o n  under  vacuum; permanent changes i n  r e s i s t a n c e  were 
used  a s  t h e  measure of damage. The r e q u i r e d  r e s e a r c h  t o  de t e rmine  and 
t e s t  an  opt imized  a d d i t i v e  i s  d i s c u s s e d .  Measurements t o  de te rmine  t h e  
d e g r a d a t i o n  mechanism on a d d i t i v e - f r e e  ZnO a r e  d i s c u s s e d  and a t h e o r e t -  
i c a l  model of d e g r a d a t i o n  from u l t r a v i o l e t  r a d i a t i o n  under  vacuum i s  
p r e s e n t e d .  
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A. SUMMARY 
S e v e r a l  chemica l s  t h a t  c a n  p rov ide  s u r f a c e  recombinat ion c e n t e r s  f o r  
ZnO have been t e s t e d  f o r  h o l e  and e l e c t r o n  r e a c t i v i t y ,  u s i n g  t h e  e l e c t r o -  
l y t i c  method. These i n c l u d e  ions  of i r o n ,  a r s e n i c ,  copper ,  manganese, 
chromium, ta r ta ra te ,  and i o d i n e .  The r e s u l t s  are p resen ted ,  t o g e t h e r  
w i t h  a t e n t a t i v e  t h e o r y  t o  l i n k  t h e  e l e c t r o n  r e a c t i v i t y  of t h e  o x i d i z e d  
forms.  From t h e  t h e o r y  and experiment,  i r o n  a p p e a r s  t o  be  t h e  most 
promising material of  t h e  group. 
Methods f o r  t e s t i n g  t h e  recombinat ion e f f i c i e n c y  of a d d i t i v e s  i n  
vacuum have been developed.  I t  was o r i g i n a l l y  proposed t h a t  g a s  evo lu -  
t i o n  be measured bo th  on s i n g l e  c r y s t a l s  and powders, and t h e  e v o l u t i o n  
ra te  be  t aken  as a m e a s u r e  of recombinat ion e f f i c i e n c y .  However, photo- 
l y t i c  g a s  e v o l u t i o n  w a s  n o t  d e t e c t e d  on s i n g l e  c r y s t a l s ,  so t h e  approach 
w a s  changed t o  conductance measurement ( f o r  s i n g l e  c r y s t a l s )  and ESR 
measurement ( f o r  powders).  Changes i n  t h e s e  measured q u a n t i t i e s  can  be  
a s s o c i a t e d  w i t h  d e g r a d a t i o n  of t h e  sample and a l s o  w i t h  s u r f a c e  recom- 
b i n a t i o n  v e l o c i t y .  A pre l imina ry  examina t ion  of both t h e s e  methods h a s  
been made on a d d i t i v e - f r e e  ZnO. A few measurements of ZnO w i t h  a n  i r o n  
a d d i t i v e  f o r  s u r f a c e  recombinat ion c e n t e r s  h a s  been made by t h e  conduct-  
ance ( s i n g l e  c r y s t a l )  method, and t h e  a d d i t i v e  a p p e a r s  t o  be q u i t e  e f f e c -  
t i v e .  
A t h i r d  area of i n t e r e s t  i n  t h e  program h a s  been t h e  s t u d y  of t h e  
mechanism of c o l o r a t i o n  f o r  a d d i t i v e - f r e e  ZnO. A model which f i t s  pre-  
s e n t  o b s e r v a t i o n s ,  based on d i s l o c a t i o n s ,  i s  d i s c u s s e d .  The r e s u l t s  of 
p r e l i m i n a r y  measurements of o p t i c a l  and e l ec t r i ca l  p r o p e r t i e s  a f t e r  
c o l o r a t i o n  are  compared w i t h  t h e o r e t i c a l  p r e d i c t i o n s  of t h e  d i s l o c a t i o n  
model. However, t h e  d a t a  a r e  not p r e c i s e  enough f o r  f i r m  c o n c l u s i o n s  
t o  be drawn, and some of t h e  expe r imen t s  must be r e p e a t e d  w i t h  r e c e n t  
improvements i n  equipment.  
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The use  of s u r f a c e  recombinat ion c e n t e r s  i s  a g e n e r a l  concept ,  and 
shou ld  be a p p l i c a b l e  t o  a number of semiconductor  pigments .  The re fo re ,  
as a f i r s t  s t e p  i n  examining pigments o t h e r  than  ZnO, w e  i n i t i a t e d  an 
i n v e s t i g a t i o n  of r u t i l e .  The d a t a  sugges t  t h a t  t h e  approach used  f o r  
ZnO would probably a l s o  be s u c c e s s f u l  for r u t i l e .  
B. INTRODUCTION 
The d e g r a d a t i o n  of thermal  c o n t r o l  c o a t i n g s  r e s u l t i n g  from u l t r a -  
v i o l e t  r a d i a t i o n  i n  vacuum common t o  many pigments and c o a t i n g  s y s t e m s  
c o n t a i n i n g  oxides ,  e . g .  , z i n c  oxide,  t i t a n i u m  oxide,  and anodized  alumi- 
num. W e  b e l i e v e  t h e  deg rada t ion  mechanism i n  most of t h e s e  sys t ems  i n -  
vo lves  t h e  a b s o r p t i o n  of u l t r a v i o l e t  l i g h t  by t h e  semiconductor  pigment, 
fo l lowed by c a p t u r e  of t h e  photoproduced h o l e s  by s u r f a c e  oxygen, re- 
s u l t i n g  i n  a h i g h e r  o x i d a t i o n  s t a t e  of t h e  oxygen. In  vacuum t h i s  
“ a c t i v e  oxygen” is presumably r e l e a s e d  a s  a gas  and t h e  r e s u l t  w i l l  be 
a n  excess  of meta l  a t  t h e  s u r f a c e  of t h e  oxide .  Th i s  b u i l d u p  of excess  
m e t a l l i c  component a t  t h e  s u r f a c e  i s  a s s o c i a t e d  i n  some way w i t h  t h e  
changes i n  o p t i c a l  a b s o r p t i o n  t h a t  a r e  a s s o c i a t e d  wi th  a degraded c o a t -  
i n g .  
The requi rement  for a r e s i s t a n t  c o a t i n g  can then  be s t a t e d  s imply :  
Recombination c e n t e r s  must be provided f o r  recombinat ion of photopro- 
duced h o l e s  w i t h  e l e c t r o n s  be fo re  chemical  e f f e c t s  can  occur .  I f  t h e  
photoproduced h o l e s  a r e  des t royed  through a recombinat ion mechanism i n -  
vo lv ing  no  n e t  chemica l  change, t h e r e  i s  no p o s s i b i l i t y  of c o l o r a t i o n .  
The above d i s c u s s i o n  i s  based on p r o p e r t i e s  of z i n c  oxide  t h a t  a r e  
w e l l  known i n  semiconductor  phys ics  and c a t a l y t i c  s u r f a c e  chemis t ry .  The 
wavelengths  of l i g h t  r e s p o n s i b l e  f o r  t h e  d e g r a d a t i o n  of ZnO a r e  t h o s e  
hav ing  an energy g r e a t e r  t han  t h e  energy  of band-gap edge.  I n  semicon- 
d u c t o r s ,  l i g h t  of band-gap e n e r g i e s  produces h o l e s  and e l e c t r o n s  a s  t h e  
d i r e c t  p rocess ,  and does n o t  . d i r e c t l y  produce any chemical  changes .  I t  
i s  known’ t h a t  h o l e s  (produced  by t h e  l i g h t )  w i l l  c ause  chemical  changes ,  
when they  g e t  t o  t h e  c l e a n  ZnO s u r f a c e .  Thus w e  must  recombine t h e  h o l e s  
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b e f o r e  t h e y  can  e f f e c t  any chemical damage, and a d d i t i v e s  which w i l l  do 
s o  e f f i c i e n t l y  shou ld  s o l v e  t h e  problem of u l t r a v i o l e t  d e g r a d a t i o n .  
I n  t h i s  r e p o r t  w e  d i s c u s s  the  r e s u l t s  of r e s e a r c h  des igned  t o  d i s -  
c o v e r  good s u r f a c e  r ecombina t ion  c e n t e r s  f o r  ZnO. I n  S e c t i o n  C t h e  be- 
h a v i o r  of  v a r i o u s  chemica l s  w i t h  respect t o  e l e c t r o n  c a p t u r e  and h o l e  
c a p t u r e  i s  examined. Knowledge of t h e s e  two p r o c e s s e s  shou ld  p rov ide  
i n f o r m a t i o n  l e a d i n g  t o  promising a d d i t i v e s ,  and an u n d e r s t a n d i n g  of  t h e  
p r o c e s s e s  shou ld  pe rmi t  p r e d i c t i o n  of optimum a d d i t i v e s .  
I n  S e c t i o n  D, t h e  t e s t i n g  of t h e  a d d i t i v e s  exposed t o  u l t r a v i o l e t  
r a d i a t i o n  i n  vacuum i s  d i s c u s s e d  and r e s u l t s  p r e s e n t e d .  
I n  S e c t i o n  E, measurements designed t o  e l u c i d a t e  t h e  mechanism of 
d e g r a d a t i o n  of a d d i t i v e - f r e e  ZnO i s  p resen ted ,  and t h e o r e t i c a l  c o n s i d e r a -  
t i o n s  d i s c u s s e d .  
I n  S e c t i o n  F, t h e  p o s s i b l e  u s e  of s u r f a c e  r ecombina t ion  c e n t e r s  i n  
o t h e r  pigments i s  examined, w i th  r u t i l e  b e i n g  t h e  p r e l i m i n a r y  tes t  
mater ia l .  
C .  INTERACTIONS OF CARRIERS WITH ADSORBED SPECIES 
1. Method 
I n  t h e  c o u r s e  of e a r l y  i n  which ZnO was s t u d i e d  as  
a c a t a l y s t ,  w e  developed methods for s t u d y i n g  t h e  e l e c t r o n  r e a c t i v i t y  and 
t h e  h o l e  r e a c t i v i t y  of chemical  s p e c i e s  i n  a n  aqueous s o l u t i o n .  These 
r e a c t i v i t y  pa rame te r s  are p r e c i s e l y  t h o s e  t h a t  are  needed t o  de t e rmine  
t h e  best chemical  a d d i t i v e  for u s e  as  a r ecombina t ion  c e n t e r .  The re- 
q u i r e d  r e a c t i o n s  are  
k 
~ + M + - + M  
M + p + M f  
where M i s  a n  a c t i v e  adso rbed  chemical i n  some a r b i t r a r y  o x i d a t i o n  ( v a l -  
+ ence) s ta te ,  and M i s  t h e  s p e c i e s  i n  a h i g h e r  o x i d a t i o n  s t a t e .  I f  t h e  
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r e a c t i o n  c o n s t a n t s  k ,  and k, a r e  both h igh ,  
be a good r ecombina t ion  c e n t e r .  
t h e  chemical  c o u p l e  M/& w i l l  
R e a c t i o n s  between c a r r i e r s  and a d d i t i v e s  can  a l s o  be e x p r e s s e d  i n  
terms of e l e c t r o n  c a p t u r e  (or ho le  c a p t u r e )  cross s e c t i o n s ,  CJ. The two 
e x p r e s s i o n s  are  s u b s t a n t i a l l y  e q u i v a l e n t ,  w i t h  k = &, where F i s  t h e  
a v e r a g e  carrier v e l o c i t y ,  of t h e  o r d e r  of lo7 cm/sec. 
The a p p a r a t u s  u s e d  t o  determine e l e c t r o n  and h o l e  r e a c t i v i t y  i s  shown 
s c h e m a t i c a l l y  i n  F i g .  1. From e l ec t r i ca l  c a p a c i t y ,  c u r r e n t ,  and v o l t a g e  
measurements, i t  i s  p o s s i b l e  t o  measure t h e  c a p t u r e  of e l e c t r o n s  and /o r  
h o l e s  by added c h e m i c a l s .  S i n c e  ZnO is n e g a t i v e  ( c a t h o d i c )  i n  t h e  dark,  
and h a s  e s s e n t i a l l y  n o  h o l e s ,  e l e c t r o n s  f l o w  t o  t h e  s u r f a c e  and undergo 
a r e a c t i o n  of t h e  t y p e  g iven  by r e a c t i o n  (1) .  
w i t h  u l t r a v i o l e t  l i g h t ,  I t  i s  p o s i t i v e  ( a n o d i c ) ,  h o l e s  are  produced, and 
t h e  h o l e s  f low t o  t h e  s u r f a c e  
* 
When t h e  ZnO i s  i l l u m i n a t e d  
* and undergo r e a c t i o n  ( 2 ) .  
2 .  E l e c t r o n  Cap tu re  Determinat ion 
Through t h e  c a p a c i t y  measurement w e  de t e rmine  t h e  e l e c t r o n  r e a c t i v -  
i t y  of I d .  
f o r  good r ecombina t ion  a c t i v i t y .  The b a s i s  of t h e  d e t e r m i n a t i o n  i s  t h e  
l i m i t a t i o n  of t h e  c u r r e n t  f low i n  t h e  ZnO system by t h e  s u r f a c e  b a r r i e r  
V ( t h e  e l e c t r o n i c  p o t e n t i a l  d i f f e r e n c e  between t h e  bu lk  and s u r f a c e  of 
a s e m i c o n d u c t o r ) .  The c u r r e n t  J is  g i v e n  by t h e  e x p r e s s i o n  
A h i g h  e f f i c i e n c y  ( h i g h  k ,  or CT i n  r e a c t i o n  1) i s  a r e q u i s i t e  
S 
+ where [M ] i s  t h e  d e n s i t y  of s u r f a c e  s t a t e s  ( a s s o c i a t e d  w i t h  s u b s t a n c e  
M a v a i l a b l e  t o  t h e  e l e c t r o n s ,  t h e  mean thermal  v e l o c i t y  of e l e c t r o n s  
and u i s  t h e  c a p t u r e  c r o s s  s e c t i o n  of t h e  s t a t e s .  The d e t e r m i n a t i o n  
of t h e  s u r f a c e  ba r r i e r  by measurement of t h e  c a p a c i t y  i s  w e l l  e s t a b -  
l i s h e d . 3  Thus if J is k e p t  c o n s t a n t ,  t h e  c a p a c i t y  y i e l d s  t h e  r e l a t i v e  
v a l u e s  of [ M  1.0, as  w e  add v a r i o u s  s u b s t a n c e s  M 
+ 
e 
+ + 
t o  t h e  s u r f a c e .  By 
* I t  h a s  been demonstrated t h a t  i n j e c t i o n  of h o l e s  and e l e c t r o n s  i n t o  
t h e  c r y s t a l  from t h e  s o l u t i o n  does  n o t  u s u a l l y  occur  w i t h  most chem- 
i c a l s .  
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d e t e r m i n i n g  t h e  amount sorbed,  [&I, w e  calculate CJ however, t h e  p roduc t  
[M 1-0, i s  more s i g n i f i c a n t ,  s i n c e  i t  i n d i c a t e s  t h e  e f f i c i e n c y  of e l e c t r o n  
c a p t u r e ,  t h a t  is, t h e  e l e c t r o n  r e a c t i v i t y  of M . 
e; + 
+ 
3 .  Hole Cap tu re  De te rmina t ion  
The occur rence  of " c u r r e n t  doubl ing" i s  used  t o  de t e rmine  t h e  h o l e  
c a p t u r e  of  t h e  reduced form of recombinat ion c e n t e r s .  The method can  
be used as a d i r e c t  measure of r e a c t i o n s  such a s  (2 ) ,  t h e  f i r s t  s t e p  i n  
r ecombina t ion  through r e d u c i n g  a g e n t s .  The phenomenon which w e  t e r m  
" c u r r e n t  doubl ing" i s  based on the  o b s e r v a t i o n  t h a t  some two-equ iva len t  
r e d u c i n g  agents  f o l l o w  a series of r e a c t i o n s  
p + M - + M +  
M+ -+ M++ + e 
* 
Thus under  i l l u m i n a t i o n  a n  anodic  c u r r e n t  becomes doubled, because each 
photoproduced h o l e  a r r i v i n g  a t  t h e  s u r f a c e  l e a d s  t o  t h e  i n j e c t i o n  of a n  
e l e c t r o n  th rough  r e a c t i o n  ( 6 )  . 
duc ing  a g e n t s  i s  immediately d e t e c t e d .  
Hence, h o l e  c a p t u r e  by two-equivalent  re- 
The t e c h n i q u e  w a s  a l s o  used t o  s t u d y  one -equ iva len t  r educ ing  a g e n t s  
w i t h  a l a r g e  h o l e  c a p t u r e  cross s e c t i o n ,  such as h e x a c y a n o f e r r a t e ( I 1 ) .  
I f  t h e  one -equ iva len t  r e d u c i n g  agent  h a s  a l a r g e  c r o s s  s e c t i o n ,  i t  w i l l  
c a p t u r e  t h e  h o l e  i n  p r e f e r e n c e  t o  a two-equivalent  a g e n t  a l s o  p r e s e n t ,  
and t h e  c u r r e n t  w i l l  r e t u r n  t o  normal. Conversely,  f o r  a one -equ iva len t  
r e d u c i n g  a g e n t  M on t h e  s u r f a c e ,  w e  c a n  o b t a i n  i t s  e f f i c i e n c y  f o r  h o l e  
c a p t u r e  by add ing  BH, ( a  t y p i c a l  c u r r e n t  doub l ing  a g e n t ) ;  when enough 
BH, i s  p r e s e n t ,  t h e  h o l e s  w i l l  g o  t o  t h e  BH, i n s t e a d  of t o  M, and t h e  
c u r r e n t  w i l l  doub le .  
- 
- - 
For o u r  r ecombina t ion  c e n t e r s ,  s u b s t a n c e s  are  needed which d o  n o t  
e x h i b i t  c u r r e n t  doub l ing  ( t o  avoid n e t  chemical  changes ) ,  and t h e  above 
p r o c e d u r e s  immediately a l l o w  comparison of t h e  e f f i c i e n c y  of t h e  v a r i o u s  
* With no added r e d u c i n g  agents ,  t h e  c u r r e n t  i n  s t e a d y  s t a t e  i s  e q u a l  t o  
t h e  r a t e  of  h o l e  a r r i v a l  a t  t h e  s u r f a c e  due t o  t h e  i l l u m i n a t i o n .  
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c a n d i d a t e s  f o r  r e a c t i o n  ( 2 ) .  If  w e  wish t o  e v a l u a t e  c a n d i d a t e s  f o r  our 
r ecombina t ion  c e n t e r s ,  w e  s imply de te rmine  how much BH, i s  n e c e s s a r y  
s o  t h a t  t h e  h o l e s  w i l l  g o  t o  t h e  BH,-(causing a c u r r e n t  i n c r e a s e )  r a t h e r  
t h a n  t o  t h e  r ecombina t ion  c e n t e r .  The more BH, n e c e s s a r y ,  t h e  be t te r  
t h e  material  is for r e a c t i o n  ( 2 ) .  
- 
- 
4 .  Resu l t s  
The r e l a t i v e  e l e c t r o n  and h o l e  r e a c t i v i t i e s  of v a r i o u s  c o u p l e s  are  
shown i n  Tab le  I. Both r e a c t i v i t i e s  shou ld  b e  h i g h  f o r  a good recombina- 
t i o n  c e n t e r .  The lower o x i d a t i o n  s t a t e  of t h e  s p e c i e s  i n  s o l u t i o n  w a s  
used t o  o b t a i n  t h e  h o l e  c a p t u r e  r a t e ,  which is  e q u a l  t o  t h e  product  of 
t h e  h o l e - c a p t u r e  c r o s s  s e c t i o n  and t h e  s o r p t i o n  c o n s t a n t  f o r  t h e  s p e c i e s  
d i v i d e d  by t h a t  f o r  F e ( I 1 ) .  
i n  s o l u t i o n  w a s  used t o  o b t a i n  the  e l e c t r o n  c a p t u r e  ra te  which i s  e q u a l  
t o  t h e  product  of e l e c t r o n - c a p t u r e  cross s e c t i o n  and t h e  c o n c e n t r a t i o n  
of t h e  s o r b e d  s p e c i e s  co r re spond ing  t o  a n  aqueous s o l u t i o n  c o n c e n t r a t i o n  
of 0 .01  M. 
The h i g h e r  o x i d a t i o n  s t a t e  of t h e  s p e c i e s  
T a b l e  I 
System 
A r s e n i c  I I I / V  
Copper 1/11 
Sodium T a r t a r a t e  
I o d i n e  011 
Chromium 111 
I r o n  
( f e r  r o/ f e r r i c yan i  d e )  
I r o n  I11 ( c h l o r i d e )  
Manganese V I 1  
Hole Cap tu re  Rate 
R e l a t i v e  t o  Fe( 11) 
0.1 
- 1  
1 
-- 
E l e c t r o n  Cap tu re  R a t e  
0.01 M S o l u t i o n  
0 
- 0  
3 x 10-1' 
10- l o  
10- 
10-8 
10- 
1 . 6  io-, 
I t  i s  observed t h a t  t h e  h o l e  c a p t u r e  r a t e  h a s  a r a t h e r  modest v a r i -  
a t i o n  w i t h  t h e  materials s t u d i e d .  S i n c e  t h e s e  measurements were made, 
Gomes2bhas made a more d e t a i l e d  s t u d y  of t h e  h o l e  c a p t u r e  c r o s s  s e c t i o n  
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of some reduc ing  a g e n t s  of chemical i n t e r e s t .  Using t h e  h o l e  c a p t u r e  
ra te  f o r  i o d i n e  g i v e n  i n  T a b l e  I t o  no rma l i ze  t h e  d a t a ,  w e  can  l i s t  h i s  
r e s u l t s  f o r  t h e  h o l e  c a p t u r e  r a t e  r e l a t i v e  t o  Fe( 11) : 
so,2 1 
CH, OH . 3  
C, HSOH .5 
B r -  .05 
c1- - 0  
There  i s  a s i g n i f i c a n t  v a r i a t i o n  between h o l e  c a p t u r e  r a t e s  of t h e  d i f -  
f e r e n t  s p e c i e s ,  b u t  i t  is n o t  clear a t  p r e s e n t  how much of t h i s  v a r i a -  
t i o n  shou ld  be a t t r i b u t e d  t o  v a r i a t i o n  i n  s o r p t i o n  c o n s t a n t .  The s y s t e -  
mat ic  v a r i a t i o n  th rough  t h e  halogens is of i n t e r e s t ,  however. 
The e l e c t r o n  r e a c t i v i t y  of t h e  o x i d i z e d  form shows a w i d e r  s p r e a d .  
The lower l i m i t  of our ra te  measurement was abou t  2 x lo-'', so  t h e  v a l u e  
f o r  t a r t a r a t e  probably h a s  no s i g n i f i c a n c e .  The v a l u e s  f o r  C r (  111) and 
Mn( V I I )  a re  approximate,  a s  t h e  l o g  c u r r e n t / (  c a p a c i t y ) - 2  c u r v e s  d i d  n o t  
f o l l o w  Eq.  (3), b u t  showed a s l o p e  c l o s e r  t o  kT/2e or kT/3e. 
One of t h e  impor t an t  a s p e c t s  of t h i s  t y p e  of d a t a  i s  a d e t a i l e d  
measure of t h e  expec ted  recombinat ion e f f i c i e n c y  of v a r i o u s  c a n d i d a t e s .  
Thus Tab le  1 i n d i c a t e s  t h a t  Fe and Mn are  p o t e n t i a l l y  good recombinat ion 
centers .  
These d a t a  a l s o  provide background f o r  a model p e r m i t t i n g  p red ic -  
t i o n  of t h e  b e s t  a d d i t i v e s .  Thus w e  have developed a t e n t a t i v e  i n t e r -  
p r e t a t i o n  of t h e  e l e c t r o n  r e a c t i v i t y  of t h e  o x i d i z e d  form of t h e  m a t e r i a l s  
s t u d i e d .  I n  t h e  p rocess  of i n t e r p r e t a t i o n  w e  have been a i d e d  substan-  
t i a l l y  by p r e l i m i n a r y  r e s u l t s  ob ta ined  i n  o u r  b a s i c  s t u d y '  of t h e  ene rgy  
o f  s u r f a c e  s ta tes  a t  t h e  ZnO s u r f a c e .  
As a f i r s t  app rox ima t ion  we have found i t  i n s t r u c t i v e  t o  compare 
t h e  r e s u l t s  of t h e  e l e c t r o n  r e a c t i v i t y  and t h e  s u r f a c e  s t a t e  ene rgy  
measurements w i t h  t h e  conven t iona l  s t a n d a r d  o x i d a t i o n - r e d u c t i o n  poten- 
t i a l s . 5  I n  F i g .  2, w e  have p l o t t e d  v a l u e s  of  e l e c t r o n - c a p t u r e  e f f i c i e n c y  
e x p r e s s e d  as  o[Xl ( t h e  product  of t h e  c r o s s  s e c t i o n  of t h e  s p e c i e s  and 
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t h e  a d s o r b a t e  d e n s i t y ,  as r e p o r t e d  i n  ea r l i e r  p r o g r e s s  r e p o r t s  f o r  
molar s o l u t i o n )  a g a i n s t  t h e  o x i d a t i o n - r e d u c t i c n  p o t e n t i a l  f o r  each 
s p e c i e s .  I n  F i g .  3, t h e  s u r f a c e  energy l e v e l s  E r e l a t i v e  t o  t h e  conduc- 
t i o n  band are  p l o t t e d  as  a f u n c t i o n  of t h e  s t a n d a r d  o x i d a t i o n - r e d u c t i o n  
p o t e n t i a l  f o r  s e v e r a l  s p e c i e s .  
i s  n o t  c o n c l u s i v e .  
Here t h e  i d e n t i f i c a t i o n  of  t h e  o= species 
From t h e s e  s p a r s e  d a t a  one can t e n t a t i v e l y  draw some c o r r e l a t i o n s  
between t h e  e l e c t r o n  r e a c t i v i t y ,  t h e  s u r f a c e  energy l e v e l ,  and t h e  oxi-  
d a t i o n - r e d u c t i o n  p o t e n t i a l  of t he  v a r i o u s  species. 
I t  i s  observed, f o r  example, t h a t  a t  a n  o x i d a t i o n - r e d u c t i o n  poten- 
t i a l  of abou t  -0 .4  v o l t ,  bo th  the a c t i v a t i o n  energy E and t h e  p roduc t  
o[Xl seem t o  approach z e r o .  W e  a r e  t h e r e f o r e  tempted t o  s u g g e s t  t h a t  
t h i s  v a l u e  of t h e  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  c o r r e s p o n d s  more or less 
t o  t h e  energy of t h e  bottom o f  the  conduc t ion  band. Materials of oxida- 
t i o n  p o t e n t i a l s  more p o s i t i v e  than  -0.4 v o l t  cou ld  then  be expec ted  t o  
have energy l e v e l s  above t h e  bottom of t h e  conduc t ion  band, and t h u s  be 
u n a b l e  t o  c a p t u r e  e l e c t r o n s .  
Materials w i t h  more n e g a t i v e  t h a n  -0.4 v o l t  c a n  be s e p a r a t e d  i n t o  
t w o  groups; t h e  behav io r  of one can  b e  s imply i n t e r p r e t e d ,  t h e  o t h e r  is 
more complex. I n  t h e  f i r s t  group, s imple  t h e o r y  of e l e c t r o n  c a p t u r e ,  
i n v o l v i n g  t h e  emis s ion  of a phonon, cou ld  p r e d i c t  t h e  maximum ske tched  
i n  F i g .  2 .  Thus t h e  b e h a v i o r  of t h i s  g roup  of m a t e r i a l s  c a n  be t e n t a -  
t i v e l y  e x p l a i n e d .  However, t h e  subsequen t  r ise  i n  a[X1 f o r  Cr and Mn is  
h a r d e r  t o  e x p l a i n .  I t  w a s  o r i g i n a l l y  c o n s i d e r e d  t h a t  t h i s  l a t t e r  g r o u p  
may have l e v e l s  deep  enough t o  cause  h o l e  i n j e c t i o n .  However, an a t -  
tempted test of t h i s  p r e d i c t i o n  f o r  permanganate y i e l d e d  no  s u p p o r t  f o r  
t h e  idea. Two t y p e s  of tests were made. The f i r s t  was based on t h e  
c o n s i d e r a t i o n  t h a t  if h o l e s  are  i n j e c t e d ,  h o l e  t r a p p i n g  shou ld  be  ob- 
s e r v e d .  The t r a p p i n g  i s  d e t e c t e d  by a n  a p p a r e n t  i n c r e a s e  i n  donor  den- 
s i t y  and o c c u r s  w i t h  h o l e s  produced, f o r  example, by u l t r a v i o l e t .  Negl i -  
gible i n c r e a s e  w a s  observed under c o n d i t i o n s  where permanganate shou ld  be 
i n j e c t i n g .  Second, if h o l e s  are i n j e c t e d ,  t h e  ZnO shou ld  f l u o r e s c e  a s  
obse rved  when h o l e s  are  produced w i t h  u l t r a v i o l e t  i l l u m i n a t i o n .  F l u o r e s -  
c e n c e  w a s  n o t  obse rved .  
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With h o l e  i n j e c t i o n  t e n t a t i v e l y  r e j e c t e d  a s  t h e  r eason  f o r  t h e  r ise 
i n  e l e c t r o n  r e a c t i v i t y  f o r  h igh  n e g a t i v e  o x i d a t i o n  p o t e n t i a l s ,  o t h e r  
p o s s i b i l i t i e s  must be  c o n s i d e r e d .  One such p o s s i b l i t y  i s  t h e  o x i d a t i o n  
( e l e c t r o n  removal) by t h e  permanganate of  s u r f a c e  s t a t e s  which o t h e r w i s e  
would be  occup ied .  However, a good tes t  f o r  t h e  v a l i d i t y  of  t h i s  hypoth- 
esis h a s  n o t  been conce ived .  
Our t e n t a t i v e  working model f o r  t h e  r ecombina t ion  e f f i c i e n c y  can  be  
summarized as  f o l l o w s .  W e  i n t e r p r e t  t h e  above measurements and t h e o r y  
as i n d i c a t i n g  t h a t  one -equ iva len t  materials w i t h  a s u r f a c e  s t a t e  a few 
t e n t h s  of a n  e l e c t r o n  v o l t  below t h e  ZnO conduc t ion  band w i l l  be i d e a l .  
Something i s  s u s p e c t  abou t  t h e  behav io r  of t h e  s t r o n g  o x i d i z i n g  a g e n t s ,  
such  as  C r (  111) and Mn( V I I )  , which do  n o t  f o l l o w  t h e  s imple  e l e c t r o n  
c a p t u r e  formula,  Eq. (3), and do n o t  f o l l o w  t h e  e x p e c t e d  c r o s s  s e c t i o n  
r e l a t i o n s h i p  r e f e r r e d  t o  i n  F i g .  2 .  A r e a c t i o n  w i t h  a s u r f a c e  s t a t e  
may be  o c c u r r i n g ,  and i f  t h e  s u r f a c e  s t a t e  i s  a n  oxygen s p e c i e s ,  t h e  
a d d i t i v e  may be d e t r i m e n t a l  r a the r  than  b e n e f i c i a l  i n  r educ ing  degrada-  
t i o n .  
F u r t h e r  work on o t h e r  materials w i t h  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l s  
i n  t h e  neighborhood of -0.7 are  o b v i o u s l y  needed t o  test  t h e  t h e o r e t i c a l  
p r e d i c t i o n s  and t o  d i s c o v e r  o t h e r  promising c a n d i d a t e s .  
However, of t h e  materials s t u d i e d ,  i r o n  a p p e a r s  t o  be  t h e  most 
promising a d d i t i v e ,  and t h e r e f o r e  t h e  t e s t s  on t h e  ZnO-vacuum i n t e r f a c e  
w e r e  i n i t i a t e d  w i t h  i r o n  as  t h e  test  r ecombina t ion  c e n t e r .  
D. TESTS OF RECOMBINATION EFFICIENCY AT THE 
ULTRAVIOLET/VACUUM INTERFACE 
A f t e r  d e t e r m i n i n g  from t h e  above d e t a i l e d  s t u d i e s  which m a t e r i a l s  
l ooked  promising as  recombinat ion c e n t e r s ,  t h e  n e x t  s t e p  i s  t o  make a 
more r e a l i s t i c  tes t  of  e f f i c i e n c y .  W e  needed a tes t  t o  show whether  t h e  
a d d i t i v e s  indeed  p reven t  permanent changes of t h e  p r o p e r t i e s  of ZnO i n  
vacuum under  u l t r a v i o l e t  l i g h t .  However, a tes t  w a s  r e q u i r e d  t h a t  w a s  
s i m p l e r  t o  do and t o  i n t e r p r e t  t han  t h e  complex o p t i c a l  d e g r a d a t i o n  
tests.  
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I .  
The tes t  method i n i t i a l l y  cons ide red  f o r  t h e  ZnO-vacuum e v a l u a t i o n  
of a d d i t i v e s  invo lved  measurements of g a s  e v o l u t i o n ;  i t  w a s  r u l e d  o u t  
because g a s  e v o l u t i o n  d i d  n o t  occur .  However, t h i s  method and t h e  i n -  
f o r m a t i o n  o b t a i n e d  are  p e r t i n e n t  t o  t h e  mechanism of pho todegrada t ion  
of a d d i t i v e - f r e e  ZnO, and w i l l  t h e r e f o r e  be  d i s c u s s e d  unde r  t h a t  s e c t i o n .  
Recen t ly  two a l t e r n a t e  methods have been examined: DC e lec t r ica l  
c o n d ~ c t i v i t y ~ ’ ~  and e l e c t r o n  s p i n  r e sonance  (ESR). 
method i s  p a r t i c u l a r l y  s u i t a b l e  f o r  s i n g l e  c r y s t a l s .  I t  c o n s i s t s  of 
measuring t h e  change of t h e  d a r k  c o n d u c t i v i t y  due t o  p h o t o i r r a d i a t i o n ;  
such  a change re f lec ts  a change i n  t h e  c o n c e n t r a t i o n  of conduc t ion  band 
e l e c t r o n s  i n  t h e  bu lk .  The ESR method, p a r t i c u l a r l y  a p p l i c a b l e  t o  
powders, c o n s i s t s  of measurements of t w o  t y p e s  of s i g n a l s  t h a t  are  ex- 
pec ted  t o  change upon p h o t o i r r a d i a t i o n .  The f i r s t ,  a t  g = 1.96, is a 
measure of t h e  conduc t ion  band e l e c t r o n i c s ;  t h e  second, a t  g > 2, i s  a 
measure of s u r f a c e  l a t t i c e  oxygen t h a t  h a s  been o x i d i z e d  by photoproduced 
h o l e s .  
The DC c o n d u c t i v i t y  
1. C o n d u c t i v i t y  Measurements 
A l i thium-doped c r y s t a l  of ZnO, o b t a i n e d  from Minnesota Minning and 
Manufac tu r ing  Company, was used.  L i th ium i n c r e a s e s  t h e  r e s i s t i v i t y  and 
t h u s  i n  t h e s e  expe r imen t s  improves t h e  s e n s i t i v i t y .  R e s u l t s  w i t h  no  
a d d i t i v e  were s u b s t a n t i a l l y  t h e  same as  t h o s e  of C o l l i n s  and Thomas, 
i n d i c a t i n g  a permanent i n c r e a s e  i n  c o n d u c t i v i t y  due t o  exposure  of t h e  
sample a t  a p r e s s u r e  of mm H g  t o  band g a p  i l l u m i n a t i o n  from a tung- 
s t e n  lamp. A f o u r - p o i n t  r e s i s t a n c e  measurement w a s  used, w i t h  indium 
c o n t a c t s .  Measurements were a l s o  made on a sample d ipped  i n  a n  aqueous 
s o l u t i o n  c o n t a i n i n g  0.01 M K3Fe(CN)6 and 0.01 M K4Fe(CN)6. A f t e r  d i p -  
ping, t h e  excess m o i s t u r e  w a s  soaked o f f ,  t h e n  t h e  sample was d r i e d  i n  
a i r  unde r  a n  i n f r a r e d  lamp f o r  10 minu tes .  No d e t e c t a b l e  permanent 
conduc tance  change w a s  produced by i r r a d i a t i o n  i n  t h e  p re sence  of t h e  
a d d i t i v e  unde r  t h e  same c o n d i t i o n s  a s  above. 
These r e s u l t s  a re  p r e l i m i n a r y  but ,  i f  confirmed, t hey  w i l l  be a n  
i m p o r t a n t  v e r i f i c a t i o n  of  t h e  c o n c e p t s  d i s c u s s e d  i n  t h i s  r e p o r t .  
1 2  
2.  ESR Measurements 
The ZnO ( N e w  Jersey Union Company g rade  SP 500) w a s  i n t roduced  i n t o  
a f l a t  c e l l  wi th  i n n e r  dimensions of 1 mm x 8 mm x 30 mm. Th i s  geometry 
provides  optimum a c c e s s  t o  p h o t o i r r a d i a t i o n  d u r i n g  ESR measurements. The 
ZnO was p r e t r e a t e d  by h e a t i n g  a t  5OO0C i n  vacuum f o r  1 hour .  
measurement was made a f t e r  va r ious  t r e a t m e n t s .  In  a d d i t i o n ,  t h e  c r y s t a l  
c u r r e n t  (CC)  w a s  r eco rded .  
ba lance ,  which depends upon t h e  e l e c t r i c a l  c o n d u c t i v i t y  of t h e  ZnO. 
The ESR 
CC is a measure of t h e  microwave b r i d g e  un- 
P h o t o i r r a d i a t i o n  of t h e  p r e t r e a t e d  ZnO r e s u l t e d  i n  s e v e r a l  changes 
of ESR parameters .  A r a p i d l y  r e v e r s i b l e  change i n  CC occurred,  which in -  
d i c a t e s  an  i n c r e a s e  i n  t h e  number of photoproduced conduct ion  e l e c t r o n s .  
A cor re spond ing  i n c r e a s e  i n  t h e  1 . 9 6 - l i n e  occurred ,  b u t  t h e  e f f e c t  was 
s m a l l .  A permanent change i n  CC and t h e  1 .96  l i n e  occurred ,  which i n d i -  
c a t e s  pho todeso rp t ion  of oxygen ( e s p e c i a l l y  when smal l  amounts of oxygen 
had been i n t e n t i o n a l l y  sorbed)  and a l s o  photoproduct ion  of donors .  A 
2.02 l i n e  appeared,  and t h i s  may be due t o  t h e  format ion  of a ho le  type  
d e f e c t ,  i .e . ,  because t h e  g va lue  > 2 .  Even wi th  an i n f r a r e d  o p t i c a l  
f i l t e r ,  some thermal  h e a t i n g  was noted, and t h i s ,  of course ,  caused some 
i n c r e a s e  i n  c o n d u c t i v i t y .  
Some exper iments  w i th  CO s o r p t i o n  a f t e r  p h o t o i r r a d i a t i o n  were per-  
formed t o  de te rmine  whether  t h e  presence  of photoproduced sorbed  oxygen, 
e . g . ,  0- or 0, 
- 
cou ld  be d e t e c t e d  by r e a c t i o n s  such a s :  
co + 0- -+ CO, + e 
2CO + 0, -+ 2C0, + e - 
An i n c r e a s e  of c o n d u c t i v i t y  occurred,  b u t  t h e  e f f e c t  was a l s o  observed 
f o r  u n i r r a d i a t e d  ZnO l e f t  s t a n d i n g  t h e  same l e n g t h  of t i m e .  I t  i s  t h e r e -  
f o r e  n o t  p o s s i b l e  a t  t h i s  t ime t o  d i s t i n g u i s h  between sorbed  oxygen re- 
s u l t i n g  from p h o t o i r r a d i a t i o n  and from t r a n s f e r  from t h e  g l a s s  w a l l s .  
The CO s o r p t i o n  a l s o  caused the  2.02 l i n e  t o  d i s a p p e a r .  Th i s  may have 
occur red  by a r e a c t i o n  of t h e  type :  
co + p 4 c o +  
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where p r e p r e s e n t s  a p o s i t i v e l y  charged c e n t e r  a s s o c i a t e d  w i t h  t h e  2.02- 
l i n e .  
These p r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  t h e  ESR approach may be 
u s e f u l  f o r  s t u d y i n g  pho todegrada t ion  by c o r r e l a t i n g  t h e  changes of  t h e  
2 . 0 2 - l i n e  w i t h  c o l o r  changes,  and by d e t e r m i n i n g  t h e  photoproduced ho le -  
e l e c t r o n  p a i r  r ecombina t ion  r a t e s  as  a f f e c t e d  by photodamage or i n t e n -  
t i o n a l  doping.  The l a t t e r  d e t e r m i n a t i o n  may p o s s i b l y  be  made on powders 
by r e c o r d i n g  t h e  ra te  of change of c o n d u c t i v i t y  upon i r r a d i a t i o n .  
E .  OPTICAL DEGRADATION OF UNTREATED ZnO 
To d a t e  n o  f i r m  c o n c l u s i o n s  have been reached on t h e  d e t a i l e d  mech- 
anism of o p t i c a l  d e g r a d a t i o n  ( y e l l o w i n g )  of  u n t r e a t e d  ZnO i n  u l t r a v i o l e t  
l i g h t  unde r  vacuum. Below w e  d e s c r i b e  s e v e r a l  measurements which may 
h e l p  t o  unde r s t and  t h e  p rocess ,  and p r e s e n t  ou r  c u r r e n t  working hypothe- 
s is  f o r  t h e  e f f e c t .  Mass s p e c t r o m e t e r  measurements, a p p a r e n t l y  i n d i c a t -  
i n g  n o  oxygen e v o l u t i o n ,  ra i se  q u e s t i o n s  abou t  i n f o r m a t i o n  deduced from 
c o n d u c t i v i t y  measurement3 as t o  t h e  chemical  r e a c t i o n s  of h o l e s  a t  t h e  
s u r f a c e .  Measurements show s imi la r  o p t i c a l  a b s o r p t i o n  c h a r a c t e r i s t i c s  
f o r  ZnO w i t h  d i s l o c a t i o n s  and for photodegraded ZnO. Elec t r ica l  measure- 
ments  on photodegraded c r y s t a l s  t e n t a t i v e l y  i n d i c a t e  t h e  same cha rac -  
ter is t ics  a s  observed w i t h  d i s l o c a t i o n s .  The model w e  propose as  a 
working h y p o t h e s i s  i s  t h a t  d i s l o c a t i o n s  a re  d i r e c t l y  r e s p o n s i b l e  f o r  t h e  
anomalous o p t i c a l  a b s o r p t i o n ,  and t h a t  many c a u s e s  of d e g r a d a t i o n  each 
produce a deformed ZnO powder a s  t h e  common end product .  
1. P h o t o l y s i s  of ZnO (Mass Spectometer Measurements) 
I t  h a s  been concluded by s e v e r a l   worker^^.'^ t h a t  p h o t o d e s o r p t i o n  of 
oxygen from ZnO s h o u l d  r e s u l t  from u l t r a v i o l e t  i l l u m i n a t i o n .  Experiments  
t o  o b s e r v e  t h i s  have been c a r r i e d  o u t  b o t h  t o  e s t a b l i s h  t h i s  s t e p  i n  t h e  
d e g r a d a t i o n  p rocess  and t o  serve a s  a measure of improvement by recombin- 
a t i o n  c e n t e r s .  No o b s e r v a b l e  pho todeso rp t ion  w a s  obse rved .  The e x p e r i -  
men ta l  c o n d i t i o n s  and t h e  p o s s i b l e  r e a s o n s  are  d e s c r i b e d  below. 
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I n v e s t i g a t i o n s  of t h e  pho todeso rp t ion  p roduc t s  d u r i n g  p h o t o l y s i s  by 
u l t r a v i o l e t  l i g h t  were performed f o r  samples  hav ing  v a r i o u s  pre-exposure 
t r e a t m e n t s .  Product  a n a l y s i s  w a s  made w i t h  t h e  m a s s  s p e c t r o m e t e r  modif ied 
t o  respond t o  a g r e a t e r  mass range ( t o  mass 80), and w i t h  g r e a t e r  s e n s i -  
t i v i t y  t h a n  p r e v i o u s l y .  
Zinc ox ide  s i n g l e  c r y s t a l s  prepared i n  t h r e e  d i f f e r e n t  ways  were 
each  i r r a d i a t e d  w i t h  t w o  d i f f e r e n t  mercury a r c  s o u r c e s .  One sample w a s  
e t c h e d  i n  n i t r i c  a c i d  f o r  a s h o r t  pe r iod  b e f o r e  b e i n g  r i n s e d ,  d r i e d ,  and 
p l aced  i n  t h e  vacuum chamber; a second sample w a s  lapped,  t hen  e t c h e d  i n  
c o n c e n t r a t e d  phosphoric  a c i d ;  t h e  t h i r d  w a s  e t c h e d  i n  phosphoric  a c i d ,  
t h e n  l apped  b e f o r e  i n t r o d u c t i o n  i n t o  t h e  vacuum chamber. A l l  samples 
were s u b j e c t e d  t o  a n  o v e r n i g h t  25OoC bakeout  b e f o r e  they  were exposed 
t o  l i g h t .  The two l i g h t  s o u r c e s  were t h e  100-watt Genera l  E lec t r ic  A-4 
lamp, p r e v i o u s l y  used, and t h e  200-watt PEK Labs 200-2 lamp mounted i n  
a Bausch and Lomb hous ing  equipped w i t h  a condense r  l e n s .  (The vacuum 
chamber used f o r  t h e  a n a l y s i s  of pho todeso rp t ion  p roduc t s  w a s  equipped 
w i t h  Pyrex windows s o  t h a t  t h e  s h o r t e r  wavelength p o r t i o n  of  t h e  q u a r t z  
lamp w a s  n o t  t r a n s m i t t e d ) .  The expe r imen t s  were conducted under t h e  
" pump- ou t mode" c ondi  t i ons . 
The obse rved  par t ia l  p r e s s u r e s  of 0, ( M / e  = 32) and 0 ( M / e  = 16)  
remained e s s e n t i a l l y  t h e  same dur ing  exposure  t o  t h e  u l t r a v i o l e t  l i g h t  
as b e f o r e  exposure .  
mass 32 ( o x y g e n ) .  
16, which makes i t  d i f f i c u l t  t o  a n a l y z e  f o r  oxygen atoms i n  t h e  s y s t e m .  
T h i s  p r e s s u r e  w a s  of t h e  o r d e r  of lo-'' to r r  f o r  
The background i o n  c u r r e n t  was much h i g h e r  for mass 
( T h e  i o n  c u r r e n t  f o r  mass 16 i s  b e l i e v e d  t o  be l i m i t e d  by t h e  mass spec-  
t r o m e t e r  p r o p e r . )  S l i g h t  i n c r e a s e s  i n  par t ia l  p r e s s u r e s  f o r  ca.rbon 
monoxide and ca rbon  d i o x i d e  were no ted  upon exposure  of t h e  samples t o  
l i g h t .  S i m i l a r  i n c r e a s e s  were no ted  i n  b l ank  expe r imen t s  i n  which a n  
e q u i v a l e n t  p o r t i o n  of t h e  Pyrex chamber w a l l s  a l o n e  were i r r a d i a t e d ,  
i n d i c a t i n g  t h a t  probably most of t h e  g a s e s  evolved d u r i n g  i r r a d i a t i o n  
are  coming from t h e  w a l l s .  A series of expe r imen t s  were conducted w i t h  
t h e  n i t r i c  a c i d - t r e a t e d  ZnO samples exposed t o  a h i g h  p r e s s u r e  of oxygen 
( l o - '  t o r r )  f o r  4 h o u r s  immediately b e f o r e  i r r a d i a t i o n  by u l t r a v i o l e t  
l i g h t .  Under t h e s e  c o n d i t i o n s  t h e  d a r k  s t e a d y - s t a t e  p r e s s u r e  was h i g h  
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( -  t o r r ) ,  and a l a r g e r  d e s o r p t i o n  r a t e  f o r  carbon monoxide, ca rbon  
d iox ide ,  and water w a s  observed.  Experiments  were a l s o  performed w i t h  
t h e  phosphoric  a c i d - t r e a t e d  samples a f t e r  t h e y  had been h e a t e d  t o  200°C 
unde r  lo-' torr  vacuum f o r  4 hours  immediately b e f o r e  exposure  t o  l i g h t .  
The r e s u l t s  were s i m i l a r  t o  t h o s e  f o r  t h e  samples t h a t  were exposed t o  
bakeout  b e f o r e  exposure  t o  l i g h t .  N o  masses i n  t h e  range 44-80 were 
observed above p a r t i a l  p r e s s u r e s  abou t  t o r r ,  t h e  p r e s e n t  s e n s i t i v -  
i t y  of t h e  i n s t r u m e n t .  
The purpose of t h e  experiment  w i t h  lapped samples  was t o  check t h e  
h y p o t h e s i s  t h a t  e x c e s s  Zn atoms n e a r  t h e  ZnO s u r f a c e  are  a c t i n g  as  re- 
combina t ion  c e n t e r s ,  and t h a t  d e c r e a s i n g  t h e i r  c o n c e n t r a t i o n  d u r i n g  
i r r a d i a t i o n  would d e c r e a s e  r ecombina t ion  ra te  and t h u s  increase r e a c t i o n  
of  t h e  h o l e s  w i t h  s u r f a c e  oxygen. W e  assume t h a t  t h e  z i n c  atoms formed 
by p h o t o i r r a d i a t i o n  d i f f u s e  t o  d i s l o c a t i o n  c e n t e r s  and p r e c i p i t a t e  t h e r e ;  
t h u s  d i s l o c a t i o n s  i n t r o d u c e d  by l a p p i n g  shou ld  e n a b l e  more r a p i d  p r e c i p i -  
t a t i o n  and a g r e a t e r  oxygen e v o l u t i o n  r a t e .  However, f o r  t h e  l apped  ZnO, 
as f o r  t h e  e t c h e d  ZnO, no  oxygen e v o l u t i o n  was. observed, c o n t r a r y  t o  ex- 
p e c t a t i o n s  based on p r e s e n t  t h e o r y .  The l a c k  of expe r imen ta l  ev idence  
f o r  photodesorbed oxygen may be  due t o  ( a )  our i n a b i l i t y  t o  d e t e c t  t h e  
deso rbed  s p e c i e s  w i t h  t h e  p r e s e n t  a p p a r a t u s  ( i f  0 atoms are desorbed,  
t h e y  may s t i c k  t o  t h e  wa l l s ) ,  ( b )  v e r y  h igh  h o l e - e l e c t r o n  r ecombina t ion  
rate,  or ( c )  r e t e n t i o n  of  n e u t r a l  oxygen on t h e  s u r f a c e  of t h e  ZnO 
( p e r h a p s  r e a c t i n g  w i t h  s u r f a c e  c o n t a m i n a n t s ) .  
2.  E f f e c t  of D i s l o c a t i o n s  on O p t i c a l  Absorp t ion  
I n  o r d e r  t o  p r e p a r e  a c r y s t a l  w i t h  a minimum of s u r f a c e  d i s l o c a t i o n s  
and w i t h  good o p t i c a l  f a c e s  ( t o  avo id  s u r f a c e  l i g h t  s c a t t e r i n g ) ,  chemical  
e t c h i n g  and p o l i s h i n g  t echn iques  have been developed.  Mechanical p o l i s h -  
i n g  t e c h n i q u e s  canno t  be used t o  r educe  s u r f a c e  s c a t t e r i n g  because they  
may i n t r o d u c e  d i s l o c a t i o n s .  We found t h a t  d i l u t e  aqueous a c i d s ,  espe-  
c i a l l y  HC1, w i l l  e t c h  t h e  (0001) f ace ,  and 85% H,PO, w i l l  p o l i s h  t h i s  
f ace ;  t h e  r e v e r s e  w a s  found f o r  t h e  o t h e r  c r y s t a l  f a c e ,  (OOOi) . With 
t h e s e  e t c h e s  a v a i l a b l e ,  f l a t  chemica l ly  p o l i s h e d  ZnO cou ld  be p repa red  
f o r  a s u b s t a n t i a l l y  d i s l o c a t i o n - f r e e  r e f e r e n c e .  
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. .  
A series of o p t i c a l  t r a n s m i s s i o n  expe r imen t s  i n  a i r  showed t h a t  t h e  
band edge of ZnO s h i f t e d  toward the  v i s i b l e  when d i s l o c a t i o n s  were i n -  
t roduced  on e i t h e r  f a c e  of t h e  c r y s t a l .  The band-edge s h i f t  w a s  v i s i b l e  
t o  t h e  naked eye--the c r y s t a l s  became y e l l o w .  Tha t  t h e  yel lowing w a s  a 
s u r f a c e  e f f e c t  w a s  shown by i t s  removal by chemical  e t c h i n g .  The e f f e c t  
was i n d i s t i n g u i s h a b l e  from t h e  pho todegrada t ion  s h i f t .  
3 .  E l e c t r i c a l  E f f e c t s  Assoc ia t ed  w i t h  O p t i c a l  Degrada t ion  
Spec t ropho tomete r  s t u d i e s  were made of a s i n g l e  c r y s t a l  exposed t o  
u l t r a v i o l e t  i n  vacuum f o r  300 hours,  u s i n g  as  a l i g h t  s o u r c e  a PEK 200- 
w a t t  lamp. The system c o n s i s t e d  of a q u a r t z  c o l l i m a t i n g  l e n s  (Bausch 
and Lomb monochromator l i g h t  housing)  and q u a r t z  windows ( “ s u p e r s i l “ )  i n  
t h e  vacuum s y s t e m ,  which w a s  ope ra t ed  a t  a p r e s s u r e  of lo-’ t o  lo-’ t o r r .  
Changes d i d  occur  i n  t h e  c r y s t a l ,  s i n c e  a s l i g h t  browning was v i s i b l e  t o  
t h e  e y e .  However, t h e  spec t ropho tomete r  w a s  n o t  s e n s i t i v e  enough t o  d i s -  
t i n g u i s h  t h e s e  changes c l e a r l y ,  and s o  i t  w i l l  have t o  be mod i f i ed .  
E l e c t r i c a l  measurements of t h e  degraded sample were made t o  examine 
t h e  e lec t r ica l  p r o p e r t i e s  of t h e  f l a w s  a s s o c i a t e d  w i t h  t h e  d e g r a d a t i o n .  
I n  p r e l i m i n a r y  measurements i t  w a s  observed t h a t  t h e  s i d e  exposed t o  t h e  
u l t r a v i o l e t  showed a v e r y  s h o r t  bu lk  l i f e t i m e  n e a r  t h e  s u r f a c e ,  i n d i -  
c a t i n g  t h a t  t h e  f l a w s  induced by t h e  u l t r a v i o l e t  a c t  a s  bu lk  recombina- 
t i o n  c e n t e r s .  Hole t r a p p i n g  a t  t h e  f l a w s  was a l s o  e v i d e n t .  
I t  shou ld  be no ted  t h a t  d i s l o c a t i o n s  p rov ide  t h e  same e l ec t r i ca l  
b e h a v i o r  as t h a t  no ted  above. However, f l a w s  o t h e r  t h a n  d i s l o c a t i o n s  
c o u l d  e x h i b i t  t h i s  b e h a v i o r .  Following t h e  comple t ion  of t h e  e l ec t r i ca l  
measurements, an e t c h  p i t  count  of d i s l o c a t i o n s  w a s  made t o  see i f  t h e  
d e n s i t y  had i n c r e a s e d .  These measurements d i d  n o t  y i e l d  c lear  r e s u l t s  
and f u r t h e r  s t u d i e s  are necessa ry .  
4. Theore t i c a l  C o n s i d e r a t i o n s  
The p o s s i b l e  c a u s e  f o r  u l t r a v i o l e t  vacuum o p t i c a l  d e g r a d a t i o n  of 
ZnO h a s  been c o n s i d e r e d  i n  o r d e r  t o  e s t a b l i s h  t h e  expe r imen ta l  approach 
t o  be used .  Without a working h y p o t h e s i s ,  i t  becomes d i f f i c u l t  t o  d e v i s e  
c r i t i c a l  expe r imen t s .  
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I t  i s  c l e a r  from a l l  ev idence  of semiconductor /photon i n t e r a c t i o n s  
t h a t  t h e  primary e f f e c t  of t h e  photon i s  t o  produce e l e c t r o n - h o l e  p a i r s .  
I t  would appear  from t h e  work of Lander2 t h a t  t h e  secondary  e f f e c t  i s  
t h e  p h o t o l y s i s  of ZnO, l e a d i n g  t o  e v o l u t i o n  of oxygen wi th  t h e  reduced 
z i n c  r e t a i n e d  on t h e  ZnO. One would then  be tempted t o  s a y  t h a t  t h e  
d i f f u s i o n  of z i n c  i n t o  t h e  c r y s t a l  would ( a )  r e s u l t  i n  t h e  i n f r a r e d  
a b s o r p t i o n  due t o  t h e  f r e e  e l e c t r o n s  and ( b )  r e s u l t  i n  e x t r a  u l t r a v i o l e t  
a b s o r p t i o n ,  perhaps a s s o c i a t e d  with t h e  i n t e r s t i t i a l  z i n c .  
However, one major f a c t o r  s u g g e s t s  t h a t  t h i s  s imple  e x p l a n a t i o n  can- 
n o t  account  f o r  t h e  observed u l t r a v i o l e t  a b s o r p t i o n :  
t h a t  t h e  s o l u b i l i t y  of excess  z inc  a t  room tempera ture  i n  ZnO is  ex- 
t r e m e l y  low ( a b o u t  Zx109 ~ m - ~ ) .  
t o  account  f o r ' t h e  s t r o n g  o p t i c a l  e f f e c t s  observed .  
Lander' observed 
Th i s  low z i n c  c o n c e n t r a t i o n  i s  u n l i k e l y  
A more l i k e l y  e x p l a n a t i o n  is t h a t  t h e  excess  z i n c  p r e c i p i t a t e s  a t  
d i s l o c a t i o n s ,  r a t h e r  t h a n  d i s s o l v i n g  i n  t h e  bulk  m a t e r i a l .  Thus, t h e  
s low p rocess  i n  t h e  deg rada t ion  of t h e  pigment i s  t h e  " d i s t i l l a t i o n "  of 
e x c e s s  z i n c  from t h e  s u r f a c e  of t h e  ZnO t o  d i s l o c a t i o n s  i n  t h e  m a t e r i a l .  
Lander' showed t h a t  p r e c i p i t a t i o n  of l i t h i u m  a t  d i s l o c a t i o n s  i n  ZnO 
occurs ,  and w i l l  occur  t o  such an e x t e n t  t h a t  t h e  c r y s t a l  can  be s t r a i n e d ;  
i n  f a c t  t h i s  a u t h o r  t a l k s  about  t h e  ZnO " d i s i n t e g r a t i n g "  due t o  p r e c i p i -  
t a t i o n  d u r i n g  c o o l i n g .  
Thus a t e n t a t i v e  mechanism is: 
( a )  P h o t o l y s i s  produces excess  z i n c  a t  t h e  s u r f a c e .  When t h e  o r d e r  
of l O I 4  or 10'' excess  zinc/cm2 i s  developed, t h e  m a t e r i a l  i s  
s o  n- type t h a t  f u r t h e r  p h o t o l y s i s  i s  s topped  by d i r e c t  elec- 
t ron -ho le  recombina t ion .  A s t e a d y  s t a t e  i s  reached  under  
i l l u m i n a t i o n  s o  t h a t  a s  z i n c  d i f f u s e s  i n t o  t h e  i n t e r i o r ,  i t  
i s  r e p l a c e d  through f u r t h e r  p h o t o l y s i s .  
(b) Zinc " d i s t i l l s "  from t h e  s u r f a c e  t o  d i s l o c a t i o n s .  The p rec ip -  
i t a t i o n  of z i n c  causes  stresses i n  t h e  l a t t i c e ,  producing more 
d i s l o c a t i o n s .  
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( c )  A s  t h e  c o n c e n t r a t i o n  of d i s l o c a t i o n s  i n c r e a s e s ,  t h e  s t r a i n e d  
c r y s t a l  a b s o r b s  i n  t h e  u l t r a v i o l e t ;  i . e . ,  t h e  a b s o r p t i o n  edge 
deve lops  a t a i l .  An a l t e r n a t e  b u t  less a t t r a c t i v e  model i s  ;I 
t h a t  t h e  p r e c i p i t a t e d  z i n c  on t h e  d i s l o c a t i o n s  a b s o r b s  i n  t h e  
u l t r a v i o l e t ,  s o  t h e  c o l o r  center  i s  a z i n c - d i s l o c a t i o n  complex. 
Some d i r e c t  ev idence  f o r  t h i s  model ( t h a t  t h e  o p t i c a l  a b s o r p t i o n  is 
a s s o c i a t e d  w i t h  t h e  d i s l o c a t i o n s )  ar ises  from t h e  observed d i s c o l o r a t i o n  
of i n t e n t i o n a l l y  s t r a i n e d  ZnO. S t r a i n e d  ZnO h a s  a ye l low cas t  s i m i l a r  t o  
t h e  appea rance  of  degraded ZnO. F u r t h e r  ev idence  t h a t  t h i s  model is  
f e a s i b l e  a r i s e s  from t h e  work of Hsu' and coworkers,  who found i n  G a A s  
t h a t  s e v e r e  damage t o  a c r y s t a l  caused a t a i l  on t h e  a b s o r p t i o n  edge 
(wh ich  cou ld  be c o n s t r u e d  a s  a peak n e a r  t h e  a b s o r p t i o n  edge i f  one sub- 
t r ac t s  t h e  normal a b s o r p t i o n ) ,  l ook ing  much l i k e  t h e  excess a b s o r p t i o n  
i n  ZnO. These workers  used a high i n t e n s i t y  n e u t r o n  f l u x  t o  d i s o r d e r  
t h e i r  c r y s t a l s ,  i l l u s t r a t i n g  t h e  p o s s i b l e  c o n n e c t i o n  i n  ou r  problem be- 
tween t h e  pho to lys i s -p roduced  ZnO a b s o r p t i o n  edge t a i l  and t h e  t a i l  pro- 
duced by h i g h  ene rgy  i r r a d i a t i o n  of ZnO. 
With t h i s  mechanism i n  mind, some of ou r  p r e l i m i n a r y  o p t i c a l  measure- 
ments have been a comparison of t h e  o p t i c a l  a b s o r p t i o n  of u l t r a v i o l e t -  
vacuum degraded ZnO and s t r a i n e d  ZnO. 
F.  PRELIMINARY MEASUREMENTS ON RUTILE 
Fundamental s t u d i e s  on s i n g l e  c r y s t a l  r u t i l e  (TiO,) were i n i t i a t e d  
f o r  t h e  purpose of deve lop ing  a c a p a b i l i t y  t o  i n v e s t i g a t e  a thermal  con- 
t r o l  pigment o t h e r  t h a n  ZnO. These s t u d i e s  c o n s i s t e d  of i n v e s t i g a t i n g  
t h e  f e a s i b i l i t y  of a d a p t i n g  ou r  ZnO t e c h n i q u e s  t o  r u t i l e  and can  be  d i -  
v i d e d  i n t o :  ( a )  e t c h i n g  and po l i sh ing ,  ( b )  ad jus tmen t  of donor d e n s i t y  
by chemical  t r e a t m e n t ,  ( c )  measurement of t h e  donor  d e n s i t y  near t h e  
s u r f a c e  by t h e  e l e c t r o l y t i c  v o l t a g e - c a p a c i t a n c e  method, ( d) c a t h o d i c  re- 
d u c t i o n  p rocesses ,  and ( e )  photo and d a r k  anod ic  o x i d a t i o n  p r o c e s s e s .  
A l l  s t u d i e s  were made on t h e  (001)  c r y s t a l l o g r a p h i c  f a c e .  
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Molten KOH ( 400-5OO0C) s l o w l y  (30 min) removes s c r a t c h  marks, w h i l e  
b o i l i n g  100% H,SO, does n o t  seem to  e t c h  TiO,. 
d i s l o c a t i o n s  d e n s i t i e s  w a s  expected t o  be impor t an t ,  s i n c e  w e  be l i eve  
t h a t  d i s l o c a t i o n s  may p lay  an impor t an t  r o l e  i n  t h e  d e g r a d a t i o n  of thermal  
c o n t r o l  c o a t i n g s .  I n  a d d i t i o n ,  i t  i s  p o s s i b l e  for d i s l o c a t i o n s  t o  domi- 
n a t e  ou r  e l e c t r i c a l  measurements. 
The a b i l i t y  t o  c o n t r o l  
W e  u t i l i z e d  t h e  known f a c t  t h a t  t h e  donor d e n s i t y  c a n  be a d j u s t e d  
by r e d u c t i o n  w i t h  H, or o x i d a t i o n  by 0, a t  e l e v a t e d  t e m p e r a t u r e s .  There 
w a s  a d i f f e r e n c e  i n  t h e  c o l o r  of r u t i l e  r e s u l t i n g  from a 30-min r e d u c t i o n  
i n  1 atm of f lowing  H, a t  4OO0C, depending on whether  t h e  sample had been 
p r e v i o u s l y  e t c h e d .  Non-etched samples t u r n e d  grey,  w h i l e  two e t c h e d  
samples  remained w h i t e .  These o b s e r v a t i o n s  suppor t ed  o u r  no t ion ,  de- 
ve loped  f o r  ZnO, t h a t  d i s l o c a t i o n s  are  i n t i m a t e l y  connec ted  wi th  t h e  de- 
g r a d a t i v e  c o l o r a t i o n  of t he rma l  c o n t r o l  c o a t i n g s .  Presumably t h e  grey-  
i n g  r e s u l t e d  from t h e  m u l t i p l i c a t i o n  of d i s l o c a t i o n s  accompanying t h e  
chemica l  r e d u c t i o n  procedure.  Our t h e o r y  assumes t h a t  t h e  p h o t o l y s i s  i n  
vacuum r e s u l t s  i n  oxygen loss which i s  a l so  a r e d u c t i o n  p rocedure .  
The donor d e n s i t y  n e a r  t h e  s u r f a c e  w a s  measured by t h e  e l e c t r o l y t i c  
v o l t a g e - c a p a c i t a n c e  method. On non-etched samples,  low c o n d u c t i v i t y  
p r e p a r a t i o n s  showed no  v o l t a g e  dependence f o r  t h e  c a p a c i t a n c e ,  w h i l e  
h i g h  c o n d u c t i v i t y  p r e p a r a t i o n s  d i d  show a v o l t a g e  dependence, b u t  t h e  
v a l u e s  of  t h e  c a p a c i t a n c e  were h i g h .  When t h e  c a p a c i t a n c e  v a l u e s  are 
h i g h  i t  is p o s s i b l e  t h a t  t h e y  a r e  n o t  a s s o c i a t e d  w i t h  t h e  d e p l e t i o n  
r e g i o n  of t h e  semiconductor  bu t  w i t h  t h e  Helmholtz c a p a c i t a n c e .  Thus 
h i g h  c a p a c i t a n c e  measurements a r e  n o t  r e l i ab le .  I n t e r p r e t a b l e  r e s u l t s  
w e r e  o b t a i n e d  on a n  e t c h e d  s a m p l e ,  reduced f o r  30 min i n  H, a t  40OoC. 
The v o l t a g e  dependence of t h e  c a p a c i t a n c e  i n d i c a t e d  a donor  d e n s i t y  of  
a b o u t  lo1' ~ m - ~ .  These p r e l i m i n a r y  r e s u l t s  s u g g e s t  t h a t  t h e  a p p a r e n t  
v a l u e  of t h e  donor  d e n s i t y  i s  reasonab ly  s t a b l e  n e a r  t h e  s u r f a c e  i n  
c o n t a c t  w i t h  a n  aqueous s o l u t i o n ,  b u t  t h a t  t h e  Helmholtz v o l t a g e  changes.  
W e  d i d  n o t  de t e rmine  t h e  c a u s e  of t h e  i n s t a b i l i t y .  
Ca thod ic  r e d u c t i o n  of oxygen w a s  observed by t h e  d i f f e r e n c e  i n  cu r -  
r e n t  between a s o l u t i o n  s a t u r a t e d  a t  l atm wi th  0, v e r s u s  one d e - a i r a t e d  
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by N,. 
c a p t u r e  o f  h o l e  i n j e c t i o n .  
W e  have no  i n d i c a t i o n  whether  t h e  r e d u c t i o n  mechanism is e l e c t r o n  
Anodic p rocesses  on t h e  (001)  f a c e  of r u t i l e  and on t h e  (0001)  f a c e  
of ZnO have  some d i f f e r e n c e s  and some s imi la r i t i es .  
anod ic  d a r k  c u r r e n t s  a r e  h i g h e r  on r u t i l e ,  t hey  a r e  s i m i l a r  t o  t h o s e  on 
ZnO i n  t h a t  t h e  da rk  c u r r e n t  i s  u n a f f e c t e d  by methanol,  e t h a n o l ,  o r  
fo rma te  i o n  from pH 4 t o  1 2 . 5 .  On t h e  o t h e r  hand, t h e  photo  c u r r e n t  of 
r u t i l e  i s  a l s o  u n a f f e c t e d  by t h e s e  chemica l s  w i t h  or wi thou t  0,, i n  con- 
t r a s t  t o  r e s u l t s  on t h e  (0001) f ace  of ZnO. 
chemica l  o x i d a t i o n  p rocess  caused by t h e  r e a c t i o n  of h o l e s  photogenera ted  
w i t h i n  r u t i l e .  
F i r s t ,  wh i l e  t h e  
W e  have  n o t  de te rmined  t h e  
These p r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  e l e c t r o n  c a p t u r e  by a d d i t i v e s  
shou ld  be  measurable  ( a s  was observed wi th  oxygen) ,  b u t  new methods may 
be r e q u i r e d  f o r  h o l e  c a p t u r e  measurement. However, wi th  ZnO t h e  l a t t e r  
seemed t h e  l eas t  c r i t i c a l  of t h e  measurements, s o  t h e  r e s u l t s  i n d i c a t e  
t h a t  our  ZnO approach should  be a p p l i c a b l e  t o  r u t i l e  i n  a l l  impor t an t  
phases .  
G. CONTINUING STUDIES 
W e  p l a n  t o  c o n t i n u e  t h e  s t u d i e s  w i t h  no  major  changes i n  d i r e c t i o n .  
Research  aimed a t  t h e  i d e n t i f i c a t i o n  of  a d d i t i v e s  f o r  s u r f a c e  recombina- 
t i o n  c e n t e r s  w i l l  be con t inued  t o  f i n d  o t h e r  m a t e r i a l s  and b e t t e r  mater- 
i a l s  t h a n  i r o n .  The conductance method and t h e  ESR method of t e s t i n g  
t h e  e f f e c t i v e n e s s  of  t h e s e  c e n t e r s  w i l l  be  developed f u r t h e r .  They w i l l  
be used  b o t h  t o  t es t  a d d i t i v e s  sugges t ed  b y  t h e  e l e c t r o l y t e  s t u d i e s  and 
t o  f i n d  optimum methods of a p p l i c a t i o n  of a d d i t i v e s  t o  p r a c t i c a l  pigments .  
F u r t h e r  s t u d i e s  of t h e  e l e c t r i c a l  and chemica l  p r o p e r t i e s  of add i -  
t i v e - f r e e  ZnO w i l l  be  made, t o  c l a r i f y  t h e  n a t u r e  of t h e  c e n t e r s .  
I 
U s e  o f  t h e  approach  or  a pigment o t h e r  t h a n  ZnO w i l l  be cont inued;  
t h e  pigment s t i l l  i s  t o  be s e l e c t e d .  
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